ones may play a protective role in protein folding and stress-induced unfolding in the cell.
Figure 1. Hsp33 Is a Member of a New, Highly Conserved Prokaryotic Heat Shock Protein Family
Sequence homology searches performed on December 10, 1998 revealed 20 members of the Hsp33 family, 11 of which are shown. Sequence alignments of Hsp33 were performed with CLUSTALW. Amino acid residues identical in 60 or more percent of the sequences are highlighted in black; related amino acids are gray shadowed. The highly conserved cysteines are indicated by arrows; the poorly conserved cysteines in E. coli Hsp33 are indicated by asterisks.
were performed as described in Chuang and Blattner confirmed by three different cell fractionation experiments. Quantitative Western blot analysis allowed us to (1993). mRNA was prepared from log phase E. coli cultures grown at 37ЊC or from the same culture after a 10 calculate the concentration of Hsp33 in the cell under normal conditions to be approximately 1.4 Ϯ 0.3 M. min heat shock treatment at 46ЊC. Hsp33's mRNA was found to be upregulated between 2.6-to 7.8-fold upon This is similar to the concentration of the GroEL oligomer (Lorimer, 1996). a temperature shift from 37ЊC to 46ЊC.
Hsp33 is predicted to be localized to the bacterial Based on Hsp33's high conservation, and since no homology to any other family of heat shock proteins or cytoplasm by the PSORT program. This localization was to any protein of known function could be detected, we believe that we have discovered a novel and wellconserved family of cytoplasmic heat shock proteins.
Hsp33 Is a Highly Efficient Molecular Chaperone
To analyze the function of this heat shock protein, Hsp33 was overexpressed and purified to apparent homogeneity. The potential role of the purified Hsp33 as molecular chaperone was analyzed using citrate synthase (CS) and luciferase as chaperone substrates. The influence of Hsp33 on the thermally induced aggregation of these enzymes at temperatures that resemble heat shock in vivo was used as a standard measure of molecular chaperone activity (Oh et al., 1997; Buchner et al., 1998) . In the absence of any additional proteins or in the presence of the nonchaperone control proteins BSA or lysozyme (Buchner et al., 1998) , CS unfolds at 43ЊC, leading to significant aggregation within the first 10 min of incubation ( Figure 2A) . A 5-fold molar excess of purified Hsp33 is sufficient to almost completely suppress the thermal aggregation of CS ( Figure 2A , line e). An equimolar amount of Hsp33 suppresses light scattering by about 50%. This activity appears to be independent of the presence of MgATP in the incubation reaction (see below). The stoichiometry of Hsp33's chaperone action is very similar to that of the known chaperones (Buchner et al., 1998) . However, while Hsp33 appears to act as a monomer as analyzed by gel filtration and cross-linking (data not shown), many chaperones, including GroEL, Hsp90, and the small heat shock proteins function as oligomers (Hendrick and Hartl, 1993; Buchner, 1996) . Thus, on a mass basis, Hsp33 is at least five times more effective than the well-studied chaperone GroEL (Buchner et al., 1998) .
In order to determine if Hsp33's substrate specificity is restricted to CS or if Hsp33 can be considered to be a general chaperone, we tested Hsp33 action with another classical chaperone substrate, luciferase. Like CS, luciferase rapidly inactivates and aggregates upon incubation at 43ЊC (Oh et al., 1997) ( Figure 2B To test whether this regulation takes place in a physiologically relevant redox range, titrations of Hsp33's chaperone activity with mixtures of oxidized and reReduced Hsp33 Is Inactive duced glutathione were performed ( Figure 3C ). The midDuring Hsp33's purification process it became evident point of Hsp33's chaperone activity is identical to the that addition of reducing agents to the purification buffmidpoint of Hsp33's mobility transition on native PAGE ers altered the affinity of Hsp33 to hydroxylapatite col-( Figure 3C , inset) and corresponds to its equilibrium umn material as well as its mobility in SDS-PAGE and constant K ox with glutathione. The redox potential was native gels. We therefore tested to see if Hsp33 had calculated from these midpoints and found to be Ϫ170 chaperone activity both in the absence and presence mV Ϯ 10 mV using the Nernst equation and the standard of reducing agents like DTT. We found that the presence redox potential of Ϫ240 mV for the GSH/GSSG redox couple (Gilbert, 1990 ). This suggests that in the cell, of 2 mM DTT dramatically reduced Hsp33's chaperone 
Hsp33 is mostly inactive under normal cellular redox
preparations. To analyze the role of zinc in the regulation of Hsp33, the association state of zinc during the activaconditions (Ϫ250 mV to Ϫ280 mV) but becomes readily activated under oxidizing conditions (ϾϪ150 mV), as is tion process of Hsp33 was monitored. The H 2 O 2 -induced activation of Hsp33's chaperone function almost exactly the case during oxidative stress (Gilbert, 1990) . Interestingly, the activity of H 2 O 2 -reactivated Hsp33 parallels the release of zinc from Hsp33 ( Figure 3D , inset). This release can be also challenged by the addition appeared to be even higher than the activity of nontreated Hsp33 ( Figure 3B ). This suggested that a mixture of the small thiol specific reagent p-hydroxymercuric phenylsulfonate (PMPS), a reagent that has been sucof reduced and oxidized Hsp33 species is present in our preparation. investigated whether Hsp33 plays a role during heat stress and oxidative stress in vivo. In order to determine used to alkylate all free cysteines present in the preparation. Next, the existing disulfide bonds were reduced the role of Hsp33 in the growth of E. coli at high temperatures, the maximal growth temperatures of strains with with DTT and the newly exposed sulfhydryl groups were trapped with AMS. AMS adds a molecular mass and without the Hsp33 null mutation were determined. This was done by using a large thermal gradient LB of 500 Da per thiol group and causes a mobility change in SDS-PAGE. As shown in Figure 3E, Figure 4C, line b) . Hsp33 is remarkoff mode depending on the redox conditions of the enviably efficient at preventing H 2 O 2 -induced aggregation of ronment is an unusual form of regulation and, to our FtsJ. A 6-fold molar excess of Hsp33 to FtsJ completely knowledge, a unique form of regulation amongst molecinhibits the formation of any detectable aggregates (Figular chaperones. A central role is played by the conure 4C, line c). BSA, used to exclude unspecific protein served cysteines in Hsp33, which are extremely reactive effects, fails to significantly alter the extent of FtsJ's and quickly adjust Hsp33's activation state to changes in aggregation ( Figure 4C, line d) . These results imply that the environment by forming or reducing disulfide bonds.
Hsp33 is a highly efficient chaperone for oxidatively
The midpoint of the redox transition is Ϫ170 mV, assurdamaged proteins. Hsp33 is activated under reconstiing that Hsp33 is reduced and inactive under normal tuted oxidative stress conditions in vitro and can prevent redox conditions. In vitro, activation of reduced Hsp33 oxidatively damaged proteins from aggregating. We can be achieved very rapidly using physiological oxitherefore propose that Hsp33 is a chaperone that is very dants like H 2 O 2 , and this activation seems to occur at a effective in dealing with the consequences of oxidative rate limited only by the rate of the thiol/disulfide exstress.
change. This allows preexisting Hsp33 to respond rapidly to changes in the cell's redox status, much more rapidly than would be allowed by regulation of Hsp33 Discussion exclusively at the transcriptional or translational level. This fast reaction might be due in part to metal coordinaMost heat shock proteins function as molecular chapertion in Hsp33. Reduced Hsp33 has zinc coordinated via ones and most chaperones are heat inducible. Given its conserved cysteines. This coordination could enthis tight correlation, we have decided to exploit the rich hance the reactivity of Hsp33 toward peroxides by stabiand largely untapped source of potential new chaperlizing the thiolate form of the cysteine. Upon oxidation ones that may exist among the 26 recently identified with H 2 O 2 , the zinc is released from the cysteines and heat shock proteins in E. coli (Chuang and Blattner, disulfide bonds form. Therefore, the zinc coordination, 1993). We describe here Hsp33, a member of a novel the oxidation state, and most importantly, the activation heat shock family, which acts as a very efficient molecustate of Hsp33 is directly linked to the redox state of lar chaperone, protecting both thermally unfolding and the environment. Interestingly, a somewhat similar form oxidatively damaged proteins from irreversible aggregaof redox regulation has recently been established for the tion. All twenty members of this highly conserved protein zinc storage protein metallothionine (Maret and Vallee, 1998). Oxidizing agents cause the zinc transfer from family sequenced to date share a four-cysteine motif metallothionine to zinc-depleted enzymes with concomfound to be one major cause of heat shock-induced cell death in both pro-and eukaryotes ( 
